mosomally encoded (NMC-A, SME-1 to -3, IMI-1), but a new subgroup of class A carbapenemases, the KPC ␤-lactamases (KPC-1 to -4), correspond to plasmid-encoded enzymes that can easily disseminate. Initially identified in Klebsiella pneumoniae (2, 61) , this group of potent carbapenemases is now documented for numerous pathogens, including many members of the family Enterobacteriaceae, with reports of its presence in Klebsiella oxytoca (61) , Salmonella enterica (35) , Escherichia coli (16, 39) , Citrobacter freundii (17) , Enterobacter spp. (17, 23) , and Serratia marcescens (17, 63) . The KPC enzymes also show an expanding geographic range (17) , with recent reports of their presence in Israel (29, 39) , France (37) , and China (63) .
Regarding their genetic support, most of the studies published to date have described bla KPC genes on plasmids with sizes varying from 23 kb to 75 kb (37) . Bratu et al. (9) reported that the bla KPC gene from a carbapenem-resistant isolate of E. coli from New York was flanked by two open reading frames (ORFs) encoding a putative transposition helper protein (GenBank accession no. AAM10642.1) and a putative transposase (GenBank accession no. AAM10644.1), as already described for S. enterica (35) and K. pneumoniae (37, 59) , a result that provides further evidence that a common mobile element may be involved in the transfer of bla KPC among different species.
The substrate profile of the KPC enzymes has been investigated in previous reports (61, 62) . Interestingly, they not only appear to be carbapenemases but also behave as proficient cefotaximases, since the relative catalytic efficiency for cefotaxime in the KPC family is 1.5-fold higher than that for imipenem (60) . Comparatively, the other class A carbapenemases, SME-1 and NMC-A, show a detectable activity for this aminothiazoleoxime cephalosporin but demonstrate a much higher activity for imipenem (60) . To date, the unique substrate specificity of KPC, which can be regarded as a cefotaximase showing a substrate range extended toward carbapenems, has yet to be understood.
At the protein level, KPC-2 displays all the conserved catalytic residues of class A ␤-lactamases (basically the conserved motifs Ser70-X-X-Lys and Ser130-Asp-Asn, the general base Glu166, and the ␤3 motif Lys234-Thr-Gly) and most of the residues that were previously proposed to be specifically involved in the catalytic activity of class A carbapenemases, including (i) Cys69 and Cys238, which establish a disulfide bridge stabilizing the active-site topology in the crystal structures of NMC-A (54) and SME-1 (50); (ii) the asparagine residue found at position 132, which occupies a peculiar position in the active site of the enzyme and provides additional space in a region of the binding site where the 6␣-hydroxyethyl moiety of imipenem must be accommodated (54) ; and (iii) the Ser or Thr residue found at position 237, which was experimentally shown to contribute to the imipenemase activity of class A carbapenemases such as SME-1 (51) . Very recently, Ke et al. determined the crystal structure of KPC-2 at a resolution of 1.85 Å (26) . They highlighted more subtle structural changes likely involved in the ability of this class A carbapenemase to hydrolyze imipenem, such as a decrease in the size of the water pocket and a catalytic serine in a more shallow position in the active-site cleft, associated with a combination of active-site adjustments (Asn132 and Asn170 shifted, carbonyl group of Cys238 reoriented).
In this study, we report on an E. coli strain and an Enterobacter cloacae strain showing resistance to extended-spectrum cephalosporins and a decreased susceptibility to imipenem, which were identified from a same patient hospitalized in France. Due to the alarming worldwide spread of bla KPC genes, which have a strong dissemination potential, we investigated the genetic environments of the ␤-lactamase genes in the two strains, showing the presence of three plasmid-mediated bla genes coding for KPC-2, the class A ␤-lactamase TEM-1, and a new mutant of the chromosomally encoded class A ␤-lactamase KLUC from Kluyvera cryocrescens. We also characterized the KPC-2 enzyme at the biochemical and structural levels and confirmed its substrate spectrum as being that of a cefotaximase capable of hydrolyzing the carbapenem imipenem (in that sense, KPC-2 can be considered as an extremely broad-spectrum class A ␤-lactamase). We determined at high resolution (1.6 Å) the structure of KPC-2 and found that the C-terminal (C-ter) part of one KPC-2 monomer in the crystal was inserted in the binding site of another monomer, thus occupying the ␤-lactam active site. We also established the 1.23-Å structure of a KPC-2 mutant in which the five C-ter amino acids were deleted and showed the presence of a citrate molecule in the active site of the deleted enzyme. Finally, docking simulations were carried out, shedding light on the structural properties conferring to KPC-2 an extremely broad spectrum of activity, including activity against cefotaxime as well as imipenem.
MATERIALS AND METHODS
Bacterial strains. Two strains showing decreased susceptibility to imipenem and resistance to extended-spectrum cephalosporins and aztreonam, E. coli 2138 and E. cloacae 7506, were isolated from peritoneal liquid from a 72-year-old French man hospitalized in November 2002 at the Pitié-Salpêtrière hospital (Paris, France). This patient was previously hospitalized for diffuse abdominal pains and upon suspicion of a urinary tract infection in Israel, where he received a combined ofloxacin-gentamicin regimen. One month later, he was admitted to the Pitié-Salpêtrière hospital for a psoas abscess which was the cause of a sepsis. Two strains of E. coli susceptible to ␤-lactams were isolated from the peritoneal fluid of the patient, who was treated with a combination of gentamicin and ceftriaxone. One week after the first sepsis, the patient developed a second sepsis and was treated with imipenem and amikacin. E. coli 2138 and E. cloacae 7506 were isolated from a peritoneal fluid culture during the second episode of sepsis.
E. coli Top10 [F Ϫ mcrA⌬(mrr-hsdRMS-mcrBC) 80dlacZ⌬M15 ⌬lacX74 deoR recA1 araD139 ⌬(ara-leu)7697 galU galK rpsL (Str r ) endA1 nupG] was used for the electroporation of plasmid DNA and for cloning experiments. E. coli J53 (Rif r ) was used as the recipient in conjugal mating experiments. Antimicrobial susceptibility testing. The following antibiotics were obtained from the indicated suppliers: ampicillin, oxacillin, and aztreonam from BristolMyers Squibb, France; chloramphenicol, cefuroxime, and cephalothin from Sigma Chemical Co.; cefoxitin and imipenem from Merck Sharp and DohmeChibret, France; cefotaxime, cefpirome, and rifampin from Hoescht-MarionRoussel, France; ceftazidime, nitrocefin, ticarcillin, amoxicillin, and clavulanate from GlaxoSmithKline, France; piperacillin from Lederle, France; and benzylpenicillin from Sarbach, France. The MICs were determined by the Etest method (41) .
Preparation of crude extracts and isoelectrofocusing. Exponentially growing cells were harvested and resuspended in 600 l of 50 mM phosphate sodium buffer (pH 7.0). The suspensions were disrupted by sonication and the crude extracts were used in ␤-lactamase detection. Isoelectric focusing was performed with an LKB Multiphor apparatus using pH 3.5-to-9.5 polyacrylamide gel plates (Pharmacia Biotech, Saint Quentin en Yvelines, France). Gels were focused at 30 W for 90 min at 10°C. ␤-Lactamase activity was revealed by staining the gel with the chromogenic ␤-lactam nitrocefin (42) .
Mating-out assays and plasmid content analysis. Transfer of ␤-lactam resistance to E. coli J53 was attempted by liquid and solid mating-out assays. The recipient and donor cells were mixed at 1:1 and 4:1 ratios and incubated in brain heart infusion with moderate shaking at 37°C for 3 h. After incubation, 200 l of each mixture was plated out on a Millipore filter disc onto brain heart infusion plates and incubated for 18 h at 37°C. Transconjugants were selected on LB agar containing ampicillin (100 g/ml), ticarcillin (50 g/ml), and rifampin (1000 g/ml). The plasmid content of each transconjugant strain was examined by the procedures of Birnboim and Doly (4) and Takahashi et al. (55) Top10. Transformants were selected on LB agar containing ampicillin at 100 g/ml. DNA amplification. DNA amplification of ␤-lactamase genes was carried out with the various specific primers (Eurogentec, Belgium) listed in Table 1 . The DNA amplifications were performed on 100-l samples containing DNA (5 l), deoxynucleoside triphosphate (250 M), primers (0.4 M each), Taq DNA polymerase (1 U), and its buffer. The following cycles were used: 10 min of denaturation at 94°C (1 cycle) and 1 min of denaturation at 94°C, 1 min of annealing (see temperatures in Table 1 ), and 1 min of polymerization at 72°C (35 cycles) followed by a 10-min extension at 72°C.
Plasmid profile analysis and probing. Plasmid DNA from E. coli 2138, E. cloacae 7506, E. coli Top10 transformants, and E. coli J53 transconjugants was extracted using a Qiagen plasmid midi-prep kit. The DNA preparations were electrophoresed on 0.8% agarose gels in the presence of 0.5ϫ TBE buffer (45 mM Tris-HCl, 45 mM boric acid, and 1.25 mM EDTA, pH 8.3) at a constant voltage for 16 h at 4°C. After Southern transfer onto a nylon membrane (Hybond-N ϩ ; Amersham), the DNA was cross-linked on the membrane by 5 min of UV exposure. Probe labeling and hybridization experiments were performed according to the manufacturer's instructions (ECL kit; Amersham) by use of internal fragments obtained by PCR from bla KPC or bla KLUC as probes.
Nucleic acid techniques and sequence analysis. Genomic DNA from E. coli 2138 and E. cloacae 7506 was extracted as described previously (49) . For cloning experiments, the extracted DNA was partially digested with Sau3AI. The fragments were ligated into the dephosphorylated vector pBKCMV previously digested with BamHI. The ligations were done at 4°C for 16 h with 100 ng of chromosomal DNA, 200 ng of digested plasmid vector pBKCMV, and 1 U of T4 DNA ligase (Amersham). After purification and concentration with the High Pure PCR product purification kit (Boehringer Mannheim), the ligation mixture was transformed by electroporation into E. coli Top10. Transformants resistant to ␤-lactam antibiotics were selected on LB agar plates supplemented with 50 g/ml of ampicillin.
Recombinant plasmid DNA was extracted using the rapid procedure of Birnboim and Doly (4). The inserted DNA fragments were sequenced on both strands by primer walking using the Big Dye version 3.0 sequencing kit (Applied Biosystems) and an Applied Biosystems ABI 3100 sequencer. Sequence analysis was performed with the software available at the National Center of Biotechnology Information website. The program ORF finder was used to determine all the putative ORFs, which were analyzed using the BLASTP program (1).
␤-Lactamase purification. In order to purify KPC-2 on a large scale for kinetic and crystallographic experiments, we cloned bla KPC-2 in the expression vector pET29a. The bla gene encoding KPC-2 was obtained by DNA amplification from the clinical E. cloacae strain 7506. The PCR was performed using a reverse primer, KPC-EcoRI, containing the restriction site EcoRI (Table 1 ) and a forward primer, KPC-NdeI, designed to anneal at the beginning of the bla KPC-2 gene and containing the restriction site NdeI ( Table 1 ). The PCR product obtained using these two primers was purified from agarose gel with the Prepagen kit (Bio-Rad) and was first cloned in a pCRScript vector. The insert containing the bla KPC-2 gene was then recovered by digestion with EcoRI and NdeI and ligated by T4 DNA ligase into the EcoRI-and NdeI-restricted sites of the pET29a plasmid. To create the KPC-2 mutant with a C-ter deletion (C-terdeleted KPC-2 mutant), site-directed mutagenesis was made on the pET29-bla KPC-2 plasmid by use of the QuikChange kit (Stratagene) and the primers KPdelS and KPdelAS ( Table 1 ). The last residue of the C-ter-deleted KPC-2 protein was Gly291. The recombinant plasmids were introduced by transformation into E. coli BL21(DE3), which was used as the host cell type for protein expression.
The KPC-2 enzyme was purified from a culture of 6 ϫ 500 ml of LB supplemented with 50 g/ml of kanamycin. Protein expression was induced by adding 0.4 mM of IPTG (isopropyl-␤-D-thiogalactopyranoside) to the culture. Bacterial cells were pelleted, resuspended in 60 ml of Bis-Tris at 40 mM and a pH of 5.9, and lysed by ultrasonic treatment. After nucleic acid precipitation by spermine (0.2 M) at 4°C, the supernatant was dialyzed against 3 liters of 40 mM Bis-Tris, pH 5.9, and applied onto a 2.5-by 10-cm Q Sepharose fast flow column (Pharmacia Co. Ltd., Sweden) previously equilibrated with the dialysis buffer. The unadsorbed active fractions, detected with the chromogenic cephalosporin nitrocefin (42), were pooled and loaded onto a Bioscale S cation-exchange column 
a Where present, underlining indicates the restriction site for the endonuclease included in the primer designation.
VOL. 52, 2008 GENETIC AND STRUCTURAL ANALYSIS OF KPC-2 3727
at UNIV DE LIEGE July 26, 2010
aac.ASM.ORG -(Bio-Rad) previously equilibrated in Bis-Tris at 40 mM and a pH of 5.9. The active fractions, eluted by a linear gradient of 0 to 1 M NaCl in 40 mM Bis-Tris, pH 5.9, were loaded onto a gel filtration Superdex 75 (Pharmacia Co. Ltd., Sweden) previously equilibrated with Bis-Tris at 40 mM and a pH of 5.9. Finally, the enzyme was concentrated onto Microcon 3 (Millipore) to a final concentration of 30 mg/ml. The same purification protocol was used to purify the C-terdeleted KPC-2 protein to a final concentration of 20 mg/ml. Kinetic studies. The kinetic parameters K m and k cat were determined spectrophotometrically at 37°C in 50 mM phosphate buffer (pH 7.0) by use of an Uvikon 940 spectrophotometer. The absorption coefficients used were those previously described (7) . Kinetic parameters were determined by fitting the Henri-Michaelis-Menten equation to the experimental data by use of the regression analysis program LEONORA, written by Cornish-Bowden (14) . The values of k cat and K m were estimated using a nonlinear least-squares regression method with dynamic weights (14) .
Crystallization and structure determination. KPC-2 crystals were grown in sitting drops against a well solution containing 20% of polyethylene glycol 6000, 0.1 M of KSCN, and 0.1 M of sodium acetate (pH 5.5). Crystals reached a size of 0.2 mm by 0.3 mm by 0.05 mm within 72 h. The crystals belong to space group P2 1 and had the following unit-cell parameters: a was 56.3 Å, b was 91.4 Å, c was 73.1 Å, ␣ was 90°, ␤ was 112.63°, and ␥ was 90°. Crystals of the C-ter-deleted KPC-2 protein were obtained in 20% of polyethylene glycol 4000, 0.1 M of KSCN, and 0.1 M of citrate (pH 4.0). The crystals belong to the space group P2 1 2 1 2 1 and had the following unit-cell parameters: a was 47.8 Å, b was 66 Å, c was 72.1 Å, and ␣ equaled ␤ equaled ␥ equaled 90°.
Data were collected at the Institut Biologie Physique et Chimie (IBPC, Paris, France) by use of the generator RIGAKU model Micro7 (to 2.1 Å) and on the beamline FIP-BM30A (to 1.6 Å for KPC-2 and 1.23 Å for the C-ter-deleted mutant) at the ESRF (European Synchrotron Radiation Facility, Grenoble, France) (48) . These data were processed with XDS (25) . With the data collected at the IBPC, an initial structure was obtained by molecular replacement with the program PHASER (34) using the SME-1 structure (PDB accession number 1DY6) as a search model. Refinement was performed using CNS (11) and Refmac (57) using anisotropic refinements for the structure at 1.23 Å.
The refinement data for the two structures are summarized in Table 2 . For KPC-2, the asymmetric unit contained two independent molecules. In the final model, the electron density in the N-ter part was not sufficiently defined to place the first residues Leu25 to Val29 and Leu25 to Ala30 of molecules A and B, respectively. After 14 cycles of refinement with CNS and two cycles using Refmac, the model showed an Rcrystal factor of 18.8% and an Rfree value of 21%, calculated for 5% of randomly selected data. For the C-ter-deleted KPC-2 mutant, a single monomer was found in the asymmetric unit. In the final model obtained with an Rcrystal factor of 16.5% and an Rfree value of 18.3%, only the first residue, Leu25, was lacking.
Docking. The ␤-lactam structures were constructed with a closed ␤-lactam ring using the module Modeler in InsightII (Accelrys). Hydrogen atoms were added and each molecule was energy minimized using the CHARMM program (10) and the force field PARAM22 (31) by using the steepest-descent algorithms. Thereafter, the ligands were docked into KPC-2 and TEM-1 structures employing either the Gold program (58) using the Goldscore scoring function (40) or the Autodock program (36) . For Gold, the ligands were docked within a sphere of 12 Å around the catalytic proton of Ser70. For Autodock (version 4), the grid of the docking simulation was defined by a 60-Å by 60-Å by 60-Å cube centered on the Ser70 within the active site. The docking simulation was performed using a Lamarckian genetic algorithm search routine. The 10 best solutions for each docked ligand were conserved for analysis. The figures were prepared using Pymol (Delano Scientific LLC), available at http://pymol.sourceforge.net/.
Nucleotide sequence accession numbers and data deposition. The GenBank accession numbers are EF057432 for the bla KLUC-2 gene from E. cloacae 7506 and DQ989639 and DQ989640 for the bla KPC-2 gene from E. coli 2138 and E. cloacae 7506, respectively. The KPC-2 and the C-ter-deleted KPC-2 mutant coordinates and structure factors have been deposited in the Protein Data Bank; the access codes are 3DWO and 3C5A, respectively.
RESULTS AND DISCUSSION
Antimicrobial susceptibility patterns and ␤-lactamase production in E. coli 2138 and E. cloacae 7506. The MICs of a variety of antimicrobial agents tested against E. coli 2138 and E. cloacae 7506 are shown in Table 3 . The isolates showed reduced susceptibility to imipenem (MICs ϭ 3 g/ml). They were also resistant to extended-spectrum cephalosporins and aztreonam, with E. cloacae 7506 displaying the highest level of resistance (Table 3) . When tested in the presence of clavulanic acid, the MICs of amoxicillin decreased from Ͼ256 g/ml to 96 and 24 g/ml for E. cloacae 7506 and E. coli 2138, respectively. In contrast, tazobactam addition did not modify the MICs of piperacillin (Ͼ256 g/ml).
Isoelectric focusing analysis of a crude extract of E. coli 2138 revealed two bands with pI values of 5.4 and 6.7 (data not shown), suggesting the presence of two ␤-lactamases in the clinical isolate. For this strain, no DNA amplification was obtained with bla SHV -, bla SME -, and bla CTX-M -specific primers, whereas positive results were obtained for bla TEM -and bla KPCspecific primers. DNA sequence analysis identified the genes as bla TEM-1 and bla KPC-2 , with the amino acid sequence of KPC-2 showing a single amino acid difference, Ser1753Gly, compared with KPC-1, the first carbapenem-hydrolyzing ␤-lactamase of class A identified from K. pneumoniae 1534 (61) . Regarding E. cloacae 7506, the isoelectric focusing results suggested the production of at least three ␤-lactamases, with pIs of 5.4, 6.7, and 7.4. The corresponding amplified bla genes were identified by DNA sequence analysis as being bla TEM-1 , bla KPC-2 , and a variant of bla KLUC-1 , the chromosomal ␤-lactamase of K. cryocrescens (15) . This new variant, termed KLUC-2, showed 86% amino acid identity with a subgroup of plasmid-mediated CTX-M-type extended-spectrum ␤-lactamases (CTX-M-1, -3, -10, -11, and -12) and was characterized by a single amino acid difference, Gly1153Arg, compared with KLUC-1. The Gly1153Arg amino acid modification is located outside of the ␤-lactam active site, so it is likely that it does not alter the substrate profile of the enzyme. The identity of this new point mutant ␤-lactamase was confirmed by cloning and Horizontal transfer of a plasmid carrying bla KPC-2 and bla TEM-1 . The transfer of ␤-lactam resistance by conjugation to E. coli J53 could be obtained for E. cloacae 7506 but not for E. coli 2138. The transconjugants obtained from E. cloacae 7506 exhibited a phenotype of resistance to ␤-lactams very similar to that of the parent strain, except in the cases of the extendedspectrum ␤-lactams cefotaxime, ceftazidime, and aztreonam, which exhibited values that were 8-to at least 32-fold lower (Table 3) . Regarding E. coli 2138, transformants could be obtained by the electroporation of extracted plasmid DNA into E. coli Top10. They exhibited a phenotype of resistance to ␤-lactam antibiotics very similar to that of the parent strain E. coli 2138, as well as to the E. coli J53 transconjugant from E. cloacae 7506 (Table 3) . By using PCR amplification, we identified the presence of bla KPC-2 and bla TEM-1 in both the E. coli 2138 transformant and the E. cloacae 7506 transconjugant, whereas no amplification of bla KLUC-2 was obtained for either. It is worth noting here that KLUC-2 production undoubtedly contributes to a significant increase in the level of resistance to aminothiazoleoxime cephalosporins, since the MICs for extended-spectrum ␤-lactams measured for the strains producing only KPC-2 and TEM-1 (E. coli 2138 and its transformant, the E. coli J53 transconjugant of E. cloacae 7506) were found to be 4-to 32-fold lower than the values found for E. cloacae 7506, producing KPC-2, TEM-1, and KLUC-2 ( Table 3) .
Analysis of the plasmid profile of E. cloacae 7506 revealed the presence of at least three plasmids: HMWP-1, showing a very high molecular weight; HMWP-2, with an estimated size of 40 kb; and LMWPs, corresponding to low-molecular-weight plasmid forms (data not shown). For the transconjugants obtained from E. cloacae 7506, as well as the E. coli 2138 clinical isolate and the corresponding E. coli Top10 transformants, plasmid profile analysis revealed the presence of only one plasmid, showing an electrophoretic mobility identical to that of HMWP-2 as observed for E. cloacae 7506. Southern analysis of the extracted plasmids indicated that the bla KPC probe hybridized to a single band corresponding to HMWP-2 shared by the four strains, namely, E. coli 2138, E. cloacae 7506, and their respective transformants/transconjugants, while the bla KLUC probe hybridized to HMWP-1, present only in the clinical strain E. cloacae 7506 (data not shown).
Genetic environment of the bla TEM-1 , bla KLUC-2 , and bla KPC-2 genes from the E. coli 2138 and E. cloacae 7506 strains. Since the upstream and downstream regions of several bla KPC-2 genes from various clinical isolates were previously reported to be identical (35, 61, 62) , we designed two pairs of primers, KPC 1AS and KPCINT S on one hand and Tase 1 and Tase 4 on the other (Table 1) , to amplify the upstream and downstream regions of bla KPC-2 , respectively. Analysis of the PCR products by DNA sequencing revealed that the nucleotide sequences flanking bla KPC-2 in E. coli 2138 and E. cloacae 7506 are identical and closely resemble those previously reported for K. pneumoniae 1534 (61), Salmonella strain 4707 (35) , and K. oxytoca 3127 (62), comprising two ORFs found upstream (Orf1; putative transposition helper protein; GenBank accession no. AAM10642.1) and downstream (Orf2; putative transposase; GenBank accession no. AAM10644.1) of bla KPC-2 ( Fig. 2A) . The only difference that could be noticed in the genetic environment of bla KPC-2 in our two strains from what was reported for previously studied sequences was the absence of a region 216 bp upstream from bla KPC-2 ( Fig. 2A) containing the Ϫ10 and Ϫ35 promoter sequences previously determined for bla KPC-1 by mRNA primer extension (61) . Nevertheless, we performed a computational search for transcription sites upstream from bla KPC-2 that indicated the presence of a highly conserved putative promoter 41 bp upstream from the deletion, with a perfectly conserved Ϫ35 consensus sequence (TT GACA) and a well-conserved Ϫ10 box (TATCTT) located 18 bp from the Ϫ35 site ( Fig. 2A) .
The sequencing of the pBK-KLUC2 BamHI fragment encoding KLUC-2 (2,511 bp) showed the presence of an ISEcpI insertion sequence upstream from bla KLUC-2 comprising a truncated tnpA gene. A perfect 24-bp inverted repeat characteristic of the ISEcpI element (accession no. EF057432) (32) was found 48 bp upstream of bla KLUC-2 , and the promoter sequence driving bla KLUC-2 transcription from the 3Ј noncoding sequence of ISEcpI (44) was found to be present (Fig. 2B) . In contrast, the search for the presence of ISEcp1 in the total DNA of the E. coli 2138 strain by specific amplification with (27) . Hence, it is very likely that the mobilization of bla KLUC-2 on the E. cloacae 7506 plasmid is attributable to the presence of the ISEcp1 element found upstream from the ␤-lactamase gene. Finally, the sequencing of the fragments containing TEM-1 from E. coli 2138 and E. cloacae 7506 revealed the presence of two genes coding for a resolvase, TnpA, and its regulator, TnpR, present upstream from bla TEM-1 in both strains (Fig.  2C) , as previously described for other bla TEM-1 -containing plasmids of clinical origin (19) .
Kinetic parameters. The kinetic parameters for the KPC-2 ␤-lactamase from E. coli 2138 and the derived mutant in which the C-ter part of the protein was deleted were determined. The catalytic constants obtained from the two proteins were nearly identical and are summarized in Table 4 . The enzyme displayed a broad substrate spectrum including the ␤-lactam antibiotics from the penicillin, cephalosporin, carbapenem, and monobactam groups. The highest catalytic activity was measured with cephalothin, which demonstrated a k cat value approximately 35 times higher than that for aztreonam, which was the antibiotic showing the lowest rate of hydrolysis (Table  4 ). The k cat values for penicillin G, piperacillin, cefuroxime, and cefotaxime were similar and approximately 1.5 to 2 times lower than that found for cephalothin. As expected, KPC-2 showed a significant hydrolytic activity against the carbapenem imipenem (k cat ϭ 20 s Ϫ1 ), which was, however, turned over at ). These data confirm that KPC-2 has a significant activity against the carbapenem imipenem, but the turnover rate for this antibiotic is approximately 1.5 to 3 times lower than that measured for cefotaxime, as previously reported by Yigit et al. (62) . Thus, KPC-2 can be regarded as better as a cefotaximase than as a carbapenemase. Accordingly, the production of KPC-2 in E. coli 2138 and its E. coli Top10 transformant accounts for a low level of resistance to imipenem (technically, the strains remain susceptible), contrasting with the MICs for cefotaxime, which were found to be approximately 10-fold higher than those for imipenem (Table  3) . It is also worth mentioning here that, in contrast to the fact that KPC-2 lacks any significant catalytic activity for ceftazidime, the MICs of this drug measured for the two clinical isolates and the corresponding transformant/transconjugant strains producing KPC-2 were roughly comparable to those found for cefotaxime (Table 3) . Yigit et al. reported similar conclusions for an E. coli DH5␣ clone producing only KPC-2, which displayed a MIC for ceftazidime of 32 g/ml, while the catalytic activity measured for this antibiotic was very weak (Ͻ0.12 s Ϫ1 ) and the K m value not determinable (62) . Taken altogether, these data might indicate that the resistance to ceftazidime observed for KPC-2 producers could be associated with other mechanisms that have yet to be elucidated.
Determination of the crystal structure of KPC-2 and its C-ter-deleted mutant: peculiar crystallographic packing. Compared with what is seen for other common class A ␤-lactamases, including the TEM and CTX-M groups and the two carbapenemases SME-1 and NMC-A, the C-ter end of the KPC-2 protein is characterized by five additional amino acid residues (VNGQQ). Interestingly, these additional residues are involved in contacts between neighboring monomers in the crystal. As shown in Fig. 3 , the C-ter residues of one KPC-2 monomer (molecule B) in a given asymmetric unit clearly establish direct contacts with the active-site residues of its nearest neighbor (molecule A) in the adjacent asymmetric unit (Fig. 3A) , such that the last C-ter amino acid (Gln296) of molecule B is deeply anchored in the active site of the neighboring molecule A, thereby blocking the accessibility of the KPC-2 active site to any other antibiotic molecule (Fig. 3B) . Several hydrogen-bonding interactions link the carboxylate moiety and the side chain of Gln296 (molecule B) to Ser70, Ser130, Thr235, Thr237, and Asn170 in molecule A (Fig. 3B) . In addition, Gln295 in the C-ter part of the symmetric B molecule also establishes two hydrogen bonds with the Tyr129 and Trp105 main-chain atoms from the neighboring A molecule (data not shown). Finally, three H-bonding interactions contribute to stabilize the A-B interface at the level of Asp228 and Thr254 in molecule B on one hand (shown in Fig. 3A ) and Lys273 and His274 in molecule A on the other (not visible in Fig. 3A ). This mode of binding can be paralleled to the inhibition of the TEM-1 ␤-lactamase by the ␤-lactamase inhibitory protein BLIP, which is a 17-kDa protein produced by Streptomyces clavuligerus (52) . Indeed, BLIP inhibits TEM-1 by inserting a ␤-hairpin turn into the active site of the ␤-lactamase, the BLIP residue Asp49, forming strong hydrogen bonds to the four conserved residues Ser130, Lys234, Ser235, and Arg244, found in the catalytic cavity of TEM-1 (52) .
As expected, the active site in the structure of the KPC-2 C-ter-deleted protein did not contain any of the amino acids coming from of a neighbor ␤-lactamase molecule in the crystal. Nevertheless, a well-defined electron density was still present in the catalytic cleft. This additional density could clearly be attributed to a citrate molecule very likely provided by the crystallization buffer. The citrate anion, which is characterized by three carboxylate groups (Fig. 1) , was found to interact at the level of the C-1, C-5, and C-6 carboxylate moieties with the two hydroxyl oxygen atoms of Ser70 and Ser130, the side chains of residues Ser130, Thr235, Thr237, and Lys234 (Fig.  3C) , and the main-chain atoms of Thr216 (not visible in Fig.  3C ). Despite these multiple interactions, citrate was found to have no significant inhibitory activity against KPC-2 (data not shown), likely because of the high desolvation energy of the molecule. It has to be highlighted here that Ke et al. also observed in their KPC-2 structure that the catalytic pocket is filled by a bicine molecule interacting with conserved activesite residues through a set of hydrogen-bonding and electrostatic bonding interactions resembling those reported here for the C-6 carboxylate moiety of the citrate molecule (26) . Even if the protein-protein or protein-citrate/bicine interactions observed for KPC-2 are not necessarily relevant from a biological point of view, the existence of such interactions may indicate that the occupancy of the KPC-2 active site by a carboxylate group is somewhat important, possibly to stabilize the enzyme in an active conformation. Similar interactions are also observed for ␤-lactamase binding sites, generally involving a sulfate anion (22, 24, 56) .
Analysis of the KPC-2 structures and comparison of KPC-2 with other class A ␤-lactamases. The structures of KPC-2 (1.6 . However, significant displacements mostly affecting elements of the active site could be observed in the superimposition. One of the most marked structural changes was observed at the end of strand ␤3 at the level of residues Thr237-Gly239, which were found to be shifted outward from the active-site center in our structures, particularly in the deleted form (up to 1.91 Å) (Fig. 4) . The very pronounced displacement of the 237-to-239 region in the C-ter-deleted KPC-2 mutant, which reflects the flexibility of the polypeptide chain in this part of the protein, seems to stem from a direct crystallographic contact between Gly239 in a given KPC-2 polypeptide chain and Gly235 in a neighbor chain in the crystal (data not shown). This steric contact is stabilized by a water molecule establishing an H-bond bridge between the main-chain carbonyl oxygen atoms of Cys238 in one polypeptide chain and Thr254 in the adjacent chain (data not shown). Concomitantly to the shift observed at the level of residues 237 to 239, a marked shift in the positioning of the catalytic residue Glu166 was observed in our two structures, by up to 0.96 Å outward from the catalytic center (Fig. 4) . Overall, these adjustments corresponded to a significant enlargement of the active site in our structures, with the distance between the catalytic Glu166 residue on one hand and the ␤3 residue Thr237 on the other being significantly increased in our structures (by up to 1.36 Å) relative to the one reported by Ke et al.
The two KPC-2 structures reported in the present study also readily superimposed on those of the other class A carbapenemases, SME-1 (RMSD ϭ 0.69 Å) and NMC-A (RMSD ϭ 0.97 Å), and showed at the level of the active site the same conformational adjustments that have previously been proposed to be important for carbapenemase activity (26, 50, 54) , such as the more shallow conformation of the catalytic activesite Ser70 and the disulfide bond formed between Cys69 and Cys238, as shown in Fig. 4 ; Cys69 and Cys238 are two residues strictly conserved in class A carbapenemases. Moreover, the positioning of the side chains of the essential amino acid residues in the active site of our KPC-2 structures (Lys73, Ser130, Asn132, Lys234, Thr237) appeared to be similar to that found for the other two carbapenemases (50, 54) . Accordingly, docking results obtained with imipenem ( Fig. 5A ) suggested that this drug fits very well in the KPC-2 binding site. On one side, the 6␣-hydroxyethyl group is anchored in the cavity drawn by residues 105, 167, and Asn132, with the latter residue making an H bond with the hydroxyethyl moiety of imipenem. On the other side, the carboxylate moiety of the drug strongly interacts with the conserved active-site residues Ser130, Thr235, Thr237 (H-bonding interactions), and Lys234 (salt bridge interaction) (Fig. 5A) , such that the ␤-lactam carbonyl oxygen is ensconced in the oxyanion hole (from 2.87 to 3.25 Å and from 2.89 to 3.14 Å from the backbone amides of Ser70 and Thr237, respectively, in the examples of docking solution shown in Fig. 5A ).
Another striking structural specificity was observed for KPC-2 at the level of the loops at positions 96 to 105 (96-105 loops) which superimposed with a RMSD value of 1.34 Å in our two models, compared to 0.42 Å for the rest of the protein (data not shown), indicating that this region is characterized by a significant flexibility, as confirmed by a local rise of the B factor values for the corresponding atoms (the average B factors were 25 Å 2 compared to 11 Å 2 for the rest of the polypeptide chain). Interestingly, a proline and a tryptophan specifically occupy positions 104 and 105 of the loop, respectively. These two residues modulate the shape of the entrance of the aac.ASM.ORG -active site, with the space close to Pro104 being occupied by the side chain of the omega loop residue Leu167, which thus participates directly in the formation of the edge of the binding cavity (Fig. 5) . Taken altogether, these data indicate that two structural elements important for the shape of the binding cavity in KPC-2, i.e., the 237-to-239 region at the end of strand ␤3 and the 96-105 loop facing ␤3, display a significant degree of freedom and probably represent important determinants of the substrate specificity of KPC-2 for C3G. To investigate this hypothesis further, we used the minimized structure of cefotaxime to carry out docking simulations with the C-ter-deleted KPC-2 structure which corresponds to the most open conformation of the enzyme. The docking simulations made with cefotaxime strongly suggested that the bulky side chain of the aminothiazole moiety binds in the region of Leu167, while the oxyimine moiety of the antibiotic lies on the other side, at the level of the pocket formed by the shifted 237-to-239 region in the C-ter part of strand ␤3 (Fig. 5B) . The adjustment of the positioning of the CTX aminothiazoleoxyme group in this configuration seems to favor tight contacts between the ␤-lactam carbonyl oxygen of the antibiotic and the backbone amides of Thr237 and Ser70 in the KPC-2 oxyanion hole (from 2.68 to 2.80 Å and from 3.08 to 3.41 Å, respectively, in the docking solutions shown in Fig. 5B ). Previous structural studies of the CTX-M-type cefotaximases have suggested that the extended hydrolytic spectra of these enzymes could rely at least in part on (i) specific amino acid complementarities involving most particularly amino acids such as residue 104 and (ii) an increased flexibility in the C-ter part of strand ␤3 (5, 13). In KPC-2, Pro104 seems to be important in providing additional room in the vicinity of the side chain of the ⍀-loop residue Leu167, which thus can adopt a position is favorable to the adjustment of the aminothiazol moiety of CTX in the binding site (Fig. 5B) . On the other hand, the fact that the 237-to-239 region in the ␤3 strand was experimentally shown in the present study to exhibit a high degree of freedom strengthens the idea that an increased mobility at the level of this important secondary structure element also could contribute to the accommodation of C3G in KPC-2.
Conclusions. In the present report, we describe for the first time the direct transfer of KPC-2 in two strains, E. coli 2138 and E. cloacae 7506, which were recovered from the same patient. The bla KPC-2 gene, which is carried by a large plasmid in a genetic environment nearly identical to that previously reported for bla KPC-2 in other epidemic strains (61, 62) , encodes a class A carbapenemase which displays an extremely broad substrate range, including the carbapenems and the broad-spectrum cephalosporins such as cefotaxime, and which at UNIV DE LIEGE July 26, 2010
aac.ASM.ORG -is characterized by a combination of remarkable structural features, such as the Pro104-Trp105-Asn132-Leu167 motif and a significant flexibility at the level of the 96-105 loop and the 237-to-239 region in ␤3. In France, KPC-2 was first described for a K. pneumoniae isolate in 2005, and it had a U.S. origin (37) . In the present study, the patient was first hospitalized in Israel before being admitted in our hospital in France, suggesting the transfer of the KPC producer between the two countries. These worrying observations confirm that KPC-2 is a class A carbapenemase having a high interspecies and intercontinental dissemination potential, a specificity that accounts for the fact that this enzyme has spread in the United States (8), Israel, France, China, and Colombia (29, 37, 39, 63) in a relatively short time.
The potential of diffusion of KPC-2 is undoubtedly reinforced by its location on transferable plasmids that can cohabit with other resistance determinants, such as plasmid-encoded extended-spectrum ␤-lactamase KLUC-2 described for the first time in the present study. This is a very worrisome evolution, since it could lead to bacterial infections that are very difficult to treat because of the high level of resistance to broad-spectrum cephalosporins due to the associated extendedspectrum ␤-lactamase activities plus the decreased susceptibility to imipenem caused by the carbapenemase activity of KPC-2. Finally, our investigations of the bla KLUC-2 gene, reported here for the first time as being at a plasmid location in an Enterobacteriaceae clinical isolate, clearly confirm that the bla KLU genes from K. ascorbata, K. georgiana, and K. cryocrescens can escape their initial chromosomal location following mobilization events involving ISEcp1 insertion sequence elements (43, 45) .
